Deficiency of copper (Cu) causes low fertility in many plant species, but the molecular mechanisms underlying distribution of Cu to the floral organs are poorly understood. Here, we found that a member of yellow-stripe like (YSL) family, YSL16 encoding the Cu-nicotianamine (Cu-NA) transporter, was highly expressed in the rachilla, with less expression in the palea and lemma of rice (Oryza sativa). b-Glucuronidase (GUS) staining of transgenic rice carrying the OsYSL16 promoter-GUS showed that OsYSL16 was mainly expressed in vascular bundles of the rachilla as well as the palea and lemma. Knockout of OsYSL16 resulted in decreased Cu distribution to the stamens, but increased distribution to the palea and lemma. A short-term (24 h) 65 Cu labeling experiment confirmed increased Cu concentration of palea and lemma in the mutant. Furthermore, we found that redistribution of Cu from the palea and lemma was impaired in the osysl16 mutant after exposure to Cu-free solution. The osysl16 mutant showed low pollen germination, but this was rescued by addition of Cu in the medium. Our results indicate that OsYSL16 expressed in the vascular bundles of the rachilla is important for preferential distribution of Cu to the stamens, while OsYSL16 in vascular bundles of the palea and lemma is involved in Cu redistribution under Cu-limited conditions in rice.
Introduction
Copper (Cu) is essential for plant growth and development. It functions in many important physiological processes such as photosynthesis, respiration, perception of ethylene, reactive oxygen metabolism and cell wall remodeling (Burkhead et al. 2009 , Broadley et al. 2012 , Ravet and Pilon 2013 , Printz et al. 2016 . Cu is first taken up by the roots, followed by root to shoot translocation and distribution to different organs and tissues (Palmer and Guerinot 2009) . A number of transporters have been reported to be involved in these processes.
Cu uptake by the roots is mediated by CTR-like high-affinity Cu transporters (COPTs). In Arabidopsis thaliana, AtCOPT1 is highly expressed in the root tips, and knockdown of this gene resulted in a lower uptake rate and leaf accumulation of Cu (Sancenon et al. 2003 , Sancenón et al. 2004 . In rice, the Cu transport activity of all seven COPT transporters has been tested in the yeast ctr1ctr3 mutant, although their exact role in Cu uptake is not clear (Yuan et al. 2010 , Yuan et al. 2011 . AtHMA5 (heavy metal-transporting P-type ATPase 5) in A. thaliana and OsHMA5 in rice have been reported to be responsible for Cu root to shoot translocation (Andres-Colas et al. 2006 , Kobayashi et al. 2008 , Deng et al. 2013 . They are localized at the pericycle cells of the root, and both the Cu concentration in the xylem sap and the Cu translocation rate were decreased in the knockout lines (Andres-Colas et al. 2006 , Kobayashi et al. 2008 , Deng et al. 2013 ). In addition, AtCOPT6 is located at the plasma membrane and also implicated in Cu distribution (Jung et al. 2012 , Garcia-Molina et al. 2013 . The Cu concentration of leaves and seeds in atcopt6 was increased and decreased, respectively, as compared with the wild type (Jung et al. 2012 , Garcia-Molina et al. 2013 ). More recently, OsHMA4 was demonstrated to function in sequestering Cu into root vacuoles (Huang et al. 2016) . OsHMA4 was localized to the tonoplast of root pericycle cells, and increased Cu accumulation in the grain was found in oshma4 mutants (Huang et al. 2016) . For subcellular transport of Cu in A. thaliana, AtHMA6/PAA1 and AtHMA8/PAA2 are reported to be involved in delivering Cu into chloroplasts (Shikanai et al. 2003 , Abdel-Ghany et al. 2005 . AtHMA6/PAA1 is essential for Cu transfer across the chloroplast envelope, while AtHMA8/PAA2 localized to the thylakoid membrane is involved in loading Cu into the thylakoid lumen (Shikanai et al. 2003 , Abdel-Ghany et al. 2005 . On the other hand, AtHMA7/RAN1 probably transports Cu to ethylene receptors (Hirayama et al. 1999 , Woeste and Kieber 2000 , Binder et al. 2010 . AtCOPT5 is located at the vacuole membrane and participates in Cu mobilization from storage sites (GarciaMolina et al. 2011 , Klaumann et al. 2011 .
Recently, OsYSL16, a yellow stripe-like protein, was reported to be localized at the plasma membrane (Kakei et al. 2012 , Lee et al. 2012 , Zheng et al. 2012 . It has transport activity of the Cu-nicotianamine (NA) complex and is mainly expressed at the phloem of nodes and vascular tissues of leaves (Zheng et al. 2012) . It is responsible for Cu preferential distribution to the developing young tissues through phloem transport (Zheng et al. 2012 ). An increased Cu concentration in the older leaves and a decreased concentration in the younger leaves were found when this gene was knocked out (Zheng et al. 2012) . However, transporters required for other Cu transport processes are still unknown.
Deficiency of Cu often reduces plant fertility (Graham 1975 , Graham 1976 , Jewell et al. 1988 , Sancenón et al. 2004 , Yan et al. 2017 . For example, Cu deficiency resulted in male sterility in wheat and barley (Graham 1975 , Graham 1976 , Jewell et al. 1988 ). In Cu-deficient A. thaliana, pollen development was disrupted (Sancenón et al. 2004) . Recently, a basic helix-loophelix (bHLH) transcription factor, CITF1 (Cu deficiency-induced transcription factor 1) was reported to be involved in delivery of Cu to anthers in A. thaliana (Yan et al. 2017) , because knockout of this gene resulted in a lower Cu accumulation of the flowers. However, the transporters regulated by CITF1 for delivering Cu to the reproductive organs are unidentified.
The rachilla is a small axis located between the protective glume, including the palea and lemma, and the sterile lemmas. It has a complex vascular system and each of its vascular bundles connects with different floral organs (Kawahara et al. 1977 , O'Brien et al. 1985 . The vascular bundles connected with the pistil and stamens are mosaic, consisting of xylem and phloem. Others are closed collateral bundles. There are also many parenchyma cells existing in central vascular bundles and they have more mitochondria and plasmodesmata (Kawahara et al. 1977) . It was reported that heat girdling rachilla reduced the translocation of zinc (Zn) and manganese (Mn) into wheat grain (Pearson et al. 1995) , implicating its role in metal distribution.
Our previous study has shown that OsYSL16 is also expressed in the reproductive organs including the lemma, palea, anther and ovary, in addition to its high expression in the leaf sheath and nodes (Zheng et al. 2012) . In the present study, we examined the role of OsYSL16 in Cu delivery to the floral organs of rice. We found that OsYSL16 was highly expressed in the rachilla and required for distribution of Cu to the floral organs. Furthermore, YSL16 expressed in the palea and lemma is also involved in the redistribution of Cu to the floral organs for normal pollen germination in rice under Culimited conditions.
Results

Expression pattern of OsYSL16 in floral organs
We performed a detailed expression pattern analysis of OsYSL16 in the floral organs. OsYSL16 was expressed in the rachilla, pistil, stamens, palea and lemma. The expression level was relatively higher in the rachilla, but lower in the pistil (Fig. 1A) . When the profile for the whole plant was examined, the expression of OsYSL16 in rachilla, flag leaf blade and node I was the highest among different tissues tested at the flowering stage (Fig. 1A) . Stage-dependent analysis showed that higher expression of OsYSL16 in the rachilla, palea and lemma was found before anthesis compared with the P5 stage and after fertilization (Fig. 1B-D ).
Tissue and cellular localization of OsYSL16
To gain a more detailed picture of the tissue and cellular expression of OsYSL16 in floral organs during flowering, we used five independent transgenic rice carrying the OsYSL16 promoter fused with b-glucuronidase (GUS). All lines showed similar results for GUS staining. One day before anthesis, OsYSL16 promoter activity was detected in the rachilla, palea, lemma and stamen, but not in the pistil (Fig. 2A) . GUS signal was mainly detected in three vascular bundles of the palea (VP1-VP3) and five vascular bundles of the lemma (VL1-VL5) (Fig. 2B, C) . In the rachilla, the signal was detected in the central vascular bundle (CV), which connected with the pistil and stamens, and six vascular bundles (vl1-vl5 and vp1) around it (Fig. 2D) . Among the six vascular bundles, five of them were connected with the lemma and one with the palea (Fig. 2D, E) .
Copper concentration and distribution in floral organs
We compared the concentrations of Cu and other metals in the rachilla, pistil, stamens, palea and lemma among the wild type, osysl16 and two complementation lines. The concentration of Cu in the rachilla, pistil and stamens was significantly lower in osysl16 than in the wild type and two complementation lines (Fig. 3A) . However, there was no difference in the concentrations of other metals including iron (Fe), Mn and Zn between different lines ( Supplementary Fig. S1A-C) . Considering the reduced Cu concentration in th osysl16 floret ( Supplementary  Fig. S2A ) caused by the lost function of OsYSL16 in node I and the flag leaf, metal accumulation ratios of different floral organs in the floret were compared. The ratios refer to the percentage metal (such as Cu) accumulation of different floral organs with regard to total accumulation of the floret, which can reflect metal distribution in the floret despite the different metal concentrations in the floret. In osysl16, the Cu accumulation ratio in stamens was decreased, but those in the palea and lemma were increased compared with the wild type and complementation lines (Fig. 3B) Cu in palea and lemma were higher in the osysl16 mutant compared with the wild type and two complementation lines (Fig. 4A) . Increased accumulation ratios of 65 Cu in palea and lemma and decreased ratios in rachilla, pistil and stamens were found in the osysl16 mutant compared with the wild type and two complementation lines (Fig. 4B ).
Remobilization of Cu from palea and lemma
OsYSL16 was also expressed in the palea and lemma (Figs. 1A, 2A) . In order to investigate its role in these organs, we compared the redistribution of Cu from the palea and lemma to developing flower tissues among the wild type, osysl16 and two complementation lines. After exposure to -Cu for 2 d, 19.6-26.3% of Cu in the palea and lemma was re-mobilized in the wild-type rice and two complementation lines (Fig. 5 ). In contrast, only 10.4% of Cu in the palea and lemma was mobilized out in the mutant line (Fig. 5) .
Characterization of pollen grain in osysl16
To test whether the low Cu concentration in osysl16 stamens affects the structure of the pollen grain, transmission electron microscopy (TEM) observation and 4',6-diamidino-2-phenylindole (DAPI) staining were performed. TEM observation showed that there was no difference in the pollen wall including the intine, tectum, foot layer and columella between the wild type and osysl16 mutant ( Fig. 6A-D) . DAPI staining showed that there are two small, bright sperm nuclei and one large diffuse vegetative nucleus in mature pollen of both osysl16 and the wild type (Fig. 6E, F) .
In order to investigate further the effect of Cu deficiency on stamens, we performed an in vivo and in vitro pollen germination experiment. The in vitro pollen germination rate was approximately 60% in osysl16, in contrast to approximately 85% in the wild type in the absence of Cu in the medium (Fig. 7A , C, E). However, the germination rate in osysl16 was restored by adding Cu into pollen germination medium although addition of Cu did not affect the germination rate of the wild type (Fig. 7B, D, F) . Furthermore, the in vivo germination rate was about 36% in osysl16 pollen grains, whereas it was 85% in the wild type and complementation lines (Fig. 8) .
Discussion
OsYSL16 belongs to the YSL transporter family. In A. thaliana, there are eight members which are involved in Fe, Zn and Cu homeostasis. Most of them are expressed in floral organs (DiDonato et al. 2004 , Le Jean et al. 2005 , Schaaf et al. 2005 , Waters et al. 2006 , Curie et al. 2009 , Conte et al. 2013 , Divol et al. 2013 . A reduced fertility was found in the atysl1atysl3 double mutant with low concentrations of Fe, Cu and Zn in the seeds . Fertility and Fe concentration in the seeds of the atysl1atysl3 double mutant were restored by Fe supplementation treatment (Waters et al. 2006) . In rice, there are 18 members of the YSL transporter family, but only six of them have been characterized. They play different roles in transport and distribution of metals such as Fe, Mn and Cu (Koike et al. 2004 , Aoyama et al. 2009 , Inoue et al. 2009 , Lee et al. 2009 , Sasaki et al. 2011 , Kakei et al. 2012 , Lee et al. 2012 , Zheng et al. 2012 , Senoura et al. 2017 ). OsYSL16 is a transporter for Cu-NA and has been reported to be involved in distribution and redistribution of Cu from old tissues to young tissues through phloem transport (Zheng et al. 2012) . At the vegetative growth stage, OsYSL16 is mainly localized at vascular tissues of the leaf blade, basal node and unelongated nodes. It takes part in Cu remobilization from older (D) are magnified in the insets. Samples were collected from transgenic rice carrying the OsYSL16 promoter-GUS cultivated in a plastic pot filled with rice paddy soils before anthesis. Scale bars = 1 mm in (A), 100 mm in (B-E). L, lemma; P, palea; Pi, pistil; R, rachilla; S, stamens; VP1-VP3, vascular bundles in palea; VL1-VL5, vascular bundles in lemma; CV, central vascular bundles in rachilla; vp1, vascular bundles in rachilla which connect with the palea; vl1-vl5, vascular bundles in rachilla which connect with the lemma.
leaves to new developing leaves. At the reproductive stage, OsYSL16 is mainly expressed in the phloem region of upper nodes and is responsible for Cu distribution and redistribution from the flag leaf to the new developing panicle (Zheng et al. 2012) . OsYSL16 was also reported to be involved in Fe homeostasis at the seedling stage, while the exact mechanism is unclear (Kakei et al. 2012 , Lee et al. 2012 . In the present study, we investigated the role of OsYSL16 in floral organs. Our results indicated that the Fe concentrations of the osysl16 mutant in the floret and even in different organs were similar to those in the wild type ( Supplementary Figs. S1A, S2B ). In contrast, a lower Cu concentration and accumulation ratio were found in the stamens of the osysl16 mutant (Fig. 3) , suggesting that OsYSL16 was required for Cu distribution in floral organs at the reproductive stage, but not for Fe. Moreover, our previous results also indicate that knockout of OsYSL16 affects Cu but not Fe, Zn or Mn distribution from the flag leaf to the new developing panicle (Zheng et al. 2012 ).
OsYSL16 is required for the preferential distribution of Cu to flowers
Recently, nodes in gramineous plants such as rice have been demonstrated to play an important role in preferentially delivering mineral elements to developing tissues such as young leaves and panicles (Yamaji and Ma 2009 , Zheng et al. 2012 , Yamaji et al. 2013a , Yamaji et al. 2013b , Yamaji and Ma 2014 . After passing the nodes, mineral elements must be delivered to floral organs for their development. However, the mechanisms for distribution of mineral elements to floral organs are poorly understood. In rice floral organs, both the pistil and stamens are wrapped by the palea and lemma. Therefore, their transpiration would be very small and a transpiration-independent distribution system is required for preferential distribution of mineral elements to the pistil and stamens. In the present study, we found that OsYSL16 which is highly expressed in the rachilla before anthesis plays an important role in preferential distribution of Cu to the stamens (Figs. 1-4 ). In the osysl16 mutant, the accumulation ratio of Cu in stamens was lower, while the ratios were higher in the palea and lemma, as compared with the wild type (Figs. 3B, 9A) . A short-term isotope labeling experiment directly showed that knockout of OsYSL16 resulted in increased 65 Cu distribution to the palea and lemma (Fig. 4) . These pieces of evidence support that distribution of Cu-NA to the stamen is mediated by OsYSL16 expressed in the vascular bundles of the rachilla (Fig. 9B) .
Given the essential role of OsYSL16 in delivering Cu-NA to the flower, a proper supply of NA in flower organs is also required. NA is ubiquitously present in higher plants, and facilitates both the intra-and intercellular transport of essential trace metals (Curie et al. 2009 ). In several plant species including tomato, tobacco and Arabidopsis, abnormal pollen development in anthers has been observed in NA mutants (Scholz et al. 1992 , Takahashi et al. 2003 , Schuler et al. 2012 . The pollen production, viability and germination of NA-free Arabidopsis plants were dramatically reduced; however, these studies mainly focus on the role of NA in Fe and Zn transport for fertility (Takahashi et al. 2003 , Klatte et al. 2009 , Schuler et al. 2012 , Conte et al. 2013 ). Our present work also highlights the potential role of NA in Cu transport which is also important for normal fertility of plants. Further studies are needed to examine which NA synthase gene is directly involved in this process.
OsYSL16 expressed in the palea and lemma is responsible for Cu redistribution
Approximately 48% of Cu in the floret was distributed in the palea and lemma (Fig. 3B) . Since OsYSL16 was also expressed in the vascular bundles of the palea and lemma, there is a possibility that OsYSL16 in these tissues is involved in the redistribution of Cu to other developing tissues such as the flower 65 Cu accumulation ratios in different floral organs. The wild type, osysl16 and two complementation lines were grown in soil and cut above node I before anthesis. The isolated panicles parts were exposed to a nutrient solution containing 5 mM 65 Cu-NA. After 1 d, samples including the pistil, stamens, palea, lemma and rachilla were collected for 65 Cu concentration determination. The 65 Cu concentration was measured by ICP-MS with isotope mode. 65 Cu accumulation ratios of different floral organs in florets were calculated as 65 Cu accumulation in different floral organs divided by that in florets Â100%. Significant differences compared with the wild type were determined by ANOVA (***P < 0.001). Data were means ± SD of six biological replicates, and material from five plants was mixed for each replication. Fig. 5 Remobilization of Cu from the palea and lemma. The wild type, osysl16 and two complementation lines were grown in soil and divided into two groups. Before anthesis, the palea and lemma from one group were sampled. Meanwhile, the panicles from another group were cut above node I and exposed to a solution free of Cu. After 2 d treatment, palea and lemma were collected. The difference of Cu content in palea and lemma was used for calculation of Cu mobility; decreased Cu content after Cu deficiency treatment divided by the Cu content before treatment in palea and lemma Â100%. The Cu concentration was determined by ICP-MS. Significant differences were determined by ANOVA (**P < 0.01), as compared with the wild type. Data are shown as means ± SD of three biological replicates, and material from five plants was mixed for each replication.
( Fig. 9B) like its role in redistribution from old leaves to young leaves reported previously (Zheng et al. 2012 ). We tested this possibility and found that the mobility of Cu from the palea and lemma was decreased by half in the knockout line compared with the wild type under -Cu conditions (Fig. 5) , indicating that OsYSL16 was required for Cu redistribution under Cu-limited conditions (Fig. 9B) .
A proper Cu delivery system is essential for pollen fertility in rice Under Cu-limited conditions, knockout of OsYSL16 resulted in low pollen viability and grain fertility of rice (Zheng et al. 2012) . Knockout of OsHMA5, a transporter gene for the root to shoot translocation of Cu in rice, also resulted in decreased fertility (Deng et al. 2013) . The Drosophila Cu transporter Ctr1C and the Plasmodium berghei Cu-transporting P-type ATPase (CuTP) are important for male fertility (Steiger et al. 2010 , Kenthirapalan et al. 2014 . In A. thaliana, knockout of a transcription factor, CITF1, resulted in decreased delivery of Cu to the reproductive organs, which caused low grain fertility (Yan et al. 2017) . Pollen development was disrupted in AtCOPT1 antisense plants which had a lower Cu accumulation than the wild type (Sancenón et al. 2004 ). These findings indicate that Cu is very important for grain fertility, but the mechanism underlying the Cu deficiency-induced decrease of fertility is not clear. In the present study, we further investigated the role of Cu in pollen development and structure. We confirmed that pollen of the osysl16 mutant showed a low germination rate in both in vivo and in vitro assays (Figs. 7, 8 ), but this low rate was rescued by addition of Cu in the germination medium (Fig. 7) , indicating that Cu is essential for the pollen germination in rice. However, we did not find any structural difference of pollen between osysl16 and the wild type (Fig. 6 ). Pollen germination involves many different enzymes which require Cu as a cofactor. Cu may also take part in electron transfer during pollen germination. In addition, a significantly lower Cu concentration was also found in pistils of the osysl16 mutant (Fig. 3A) . The role of Cu in female fertility needs further investigation.
In conclusion, OsYSL16 expressed in the rachilla is required for preferentially delivering Cu to stamens in rice and that expressed in the palea and lemma is involved in redistribution of Cu. This preferential distribution and redistribution of Cu is required for pollen germination.
Materials and Methods
Plant materials and growth conditions
A T-DNA insertion line (RMD_05Z11CP34) of OsYSL16 (Zhang et al. 2006) , its wild-type rice (Oryza sativa cv Zhonghua 11) and two transgenic complementation lines were used in this study. Isolation of the mutant and preparation of complementation lines were described previously (Zheng et al. 2012) . Seeds were soaked in water for 3 d at 30
C under darkness and then transferred to a net floating on a 0.5 mM CaCl 2 solution. On day 7, CaCl 2 solution was replaced by half-strength Kimura B solution (pH 5.5). On day 10, the seedlings were transferred to a 1.2 liter plastic pot containing the nutrient solution. All seedlings were grown in a greenhouse at 28-32 C. The nutrient solution was renewed every 2 d. The nutrient solution used contained the following macronutrients (mM) (NH 4 ) 2 SO 4 (0.18), MgSO 4 Á7H 2 O (0.27), KNO 3 (0.09), Ca(NO 3 ) 2 Á4H 2 O (0.18), KH 2 PO 4 (0.09), and the micronutirents (mM) MnCl 2 Á4H 2 O (0.5), H 3 BO 3 (3), (NH 4 ) 6 Mo 7 O 2 4Á4H 2 O (1), ZnSO 4 Á7H 2 O (0.4), FeSO 4 Á7H 2 O (2), and CuSO 4 Á5H 2 O (0.2). After 2 weeks growth, the seedlings were transplanted to a 15 liter plastic pot filled with rice paddy soils in a greenhouse at Nanjing Agricultural University (Nanjing, China).
Gene expression analysis
Floral organs, including the pistil, stamens, palea, lemma and rachilla, were collected from rice grown in the field at different flowering phases: 5 mm long spikelets from P5 stage panicles, 1 d before anthesis and after fertilization. P5 stage indicates panicles of 60-100 mm, and anthers in this stage are not mature (Nonomura et al. 2003 , Zhou et al. 2011 . Several vegetative tissues, such as root, the blade and sheath of the flag leaf, and node I, were also sampled at the flowering stage. Total RNA of these samples was extracted by using a MiniBEST Universal RNA Extraction Kit (TAKARA) and then converted to cDNA by using a PrimeScript . (E and F) DAPI staining of the wild type (E) and osysl16 (F). The materials were collected from rice cultivated in the field 1 d before anthesis. f, foot layer; c, columella; te, tectum; in, intine; s, sperm nuclei; v, vegetative nucleus. Scale bars = 10 mm in (A), (B), (E) and (F), 1 mm in (C) and (D).
amplified by SYBR Õ Premix Ex Taq TM (TAKARA). OsActin1 (LOC_Os03g50885) was used as an internal control with primers 5' AGACCTTCAACACCCCTGCT 3 and 5 GTCCCTCACAATTTCCCGCT 3'. The expression data were normalized, and the relative expression was calculated by the ÁÁCt (cycle threshold) method. Three biological replicates were used and material from five plants was mixed for each replication.
GUS staining
The promoter region of OsYSL16 (-2,455 to -1 bp from the translation initiation site) was amplified from genomic DNA of rice cultivar Zhonghua 11 by PCR. Primers used were 5' GGGGACAAGTTTGTACAAAAAAGCAGGCTTGCA ACCGGCTGTACTCCAC 3' and 5' GGGGACCACTTTGTACAAGAAAGCTGGG (E and F) Pollen germination rate in the absence (E) or presence (F) of Cu. Plant materials were grown in plastic pots filled with rice paddy soils. Mature pollen grains from anthers were germinated for 2 h in the pollen germination medium with or without 0.02 mM CuSO 4 . Red arrows indicate the pollen without germination. Scale bars = 100 mm. Significant differences compared with the wild type were determined by ANOVA (**P < 0.01). Data are means ± SD of five biological replicates. Each independent plant was used as one biological replicate, and more than five pollen grains from each independent plant were tested.
TGCTGCCGGCCGCACCCGACGA 3'. This fragment was recombined into pDONR to generate an entry vector and finally recombined into Gateway vector pGWB3 (Tanaka et al. 2011 ). The resultant plasmid was transferred to Agrobacterium tumefaciens (strain EHA105). Transformation to callus (cv Zhonghua 11) was performed according to Chen et al. (2003) . Eleven independent transgenic lines were obtained and five of them were used in further research for their higher GUS activity.
Transgenic lines carrying the OsYSL16 promoter-GUS were cultured as described above. Before anthesis, florets were sampled for GUS staining. The samples collected were incubated at 37 C overnight in GUS reaction buffer {0.5 mg ml -1 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Gluc), 1 mM K 4 [Fe(CN) 6 ], 1 mM K 3 [Fe(CN) 6 ], 10 mM Na 2 EDTA, 100 mM sodium phosphate buffer (pH 7.0), 0.5% (v/v) Triton X-100 and 20% (v/v) methanol}. After staining, samples were washed in 70% and 90% ethanol several times to remove the Chl. The stained materials were dehydrated through an ethanol series (50% and 70%), followed by an acetone series (70, 80, 90, 95 and 100%) . Then materials were embedded in Spurr resin. Sections of 5 mm were prepared for observation (Feng et al. 2011) . Samples were observed under a bright field with a Zeiss Axio Imager A1 microscope.
Determination of Cu in different reproductive organs
The wild type, osysl16, and two complementation lines were grown in plastic pots filled with rice paddy soils. Just before anthesis, different organs including the pistil, stamens, palea, lemma and rachilla were carefully separated from florets. Three biological replicates were prepared, and material from five plants was mixed for each replication. After washing the palea, lemma and rachilla with 5 mM CaCl 2 three times, the samples were digested in a mixture of concentrated HNO 3 and HClO 4 [87:13 (v/v) ] according to Zhao et al. (1994) . The concentrations of Cu and other microelements were determined by inductively coupled plasma mass spectrometry (ICP-MS). Metal accumulation ratios of different floral organs in florets were calculated as metal accumulation in different floral organs divided by that in florets Â100%.
Isotope feeding experiment with 65 Cu
To investigate the role of OsYSL16 in distribution of Cu in the floral organs, a feeding experiment with 65 Cu-NA was performed. Plants of the wild type, osysl16 and two complementation lines were grown in plastic pots filled with rice paddy soils and cut above node I before anthesis. Nutrient solution containing 5 mM 65 Cu-NA was fed from the cut end for 24 h. Samples of pistil, stamens, palea, lemma and rachilla were collected separately for Cu in different samples was determined by ICP-MS with isotope mode after digestion as described above. Six biological replicates were used, and material from five plants was mixed for each replication.
Cu redistribution analysis
To determine Cu mobility from the palea and lemma, the wild type (cv Zhonghua 11), osysl16 mutant and two complementation lines were cultivated in plastic pots filled with rice paddy soils. Before anthesis, the plants were divided into two groups. The palea and lemma from one group were sampled; meanwhile, the panicles from another group were cut above node I and transferred into a nutrient solution free of Cu. After 2 d, the samples of palea and lemma were collected. The concentration of Cu before and after exposure toCu was determined with ICP-MS. Cu mobility was calculated as the decreased Cu content after Cu deficiency treatment divided by the Cu content before treatment Â100%. Three biological replicates were used, and material from five plants was mixed for each replication.
Transmission electron microscopy
Anthers were sampled from the osysl16 mutant and wild type grown in plastic pots filled with rice paddy soils just before anthesis and stored in 0.1 M sodium phosphate buffer with pH 7.0 that contained 2.5% glutaraldehyde. After 4 h, the (E) In vivo pollen germination rate. Plant materials were grown in plastic pots filled with rice paddy soils. Spikelets were collected 2 h after anthesis and stained with water blue. Red circles show pollen grains, while blue lines show pollen tubes. Scale bars = 60 mm. Significant differences compared with the wild type were determined by ANOVA (***P < 0.001). Data are means ± SD of five biological replicates. Each independent plant was used as one biological replicate, and more than five pollen grains from each independent plant were tested.
anthers were rinsed three times with 0.1 M sodium phosphate buffer and postfixed with 1% OsO 4 in the same buffer solution for another 4 h. After dehydration, samples were embedded in Spurr resin. Uranyl acetate and lead citrate were used to stain ultrathin sections (70-90 nm) (Chen et al. 2015) . A transmission electron microscope at 80 kV was used for observation by TEM (HITACHI H-7650).
DAPI staining
Stamens of the osysl16 mutant and wild type, which were grown in plastic pots filled with rice paddy soils, were collected just before anthesis and stored in EAA solution (ethanol:acetic acid = 3:1) for 1 h. Pollen grains were dehydrated through an ethanol series (75, 55 and 35%), followed by transfer to DAPI staining solution (0.1 M sodium phosphate, pH 7.0, 1 mM EDTA, 1% Triton X-100 and 1 mg ml -1 DAPI) for 1 h at 60 C in the dark (Huang et al. 2013 ).
Finally, the stained pollen grains were observed under UV light with a fluorescence microscope (Zeiss Axio Imager A1).
In vitro and in vivo pollen germination assay
Plant materials were grown in plastic pots filled with rice paddy soils. For the in vitro pollen germination assay, mature pollen grains collected from osysl16 and the wild type were germinated in a pollen germination medium, which contained 1 mM CaCl 2 , 1 mM KCl, 0.8 mM MgSO 4 , 1.6 mM H 3 BO 3 , 30 mM CaSO 4 , 0.03% casein, 0.3% MES, 10% sucrose and 12.5% polyethylene glycol in the presence or absence of 0.02 mM CuSO 4 (Han et al. 2006) . The pollen samples were incubated at 35 C with >90% relative humidity. After 2 h, a bright field microscope was used to observe the germination. Five biological replicates were analyzed. Each independent plant was used as one biological replicate, and more than five pollen gains from each independent plant were tested. For the in vivo pollen germination assay, the spikelets were collected 2 h after anthesis and stored in FAA solution [70% ethanol:formalin:acetic acid = 18:1:1 (by vol.)] for 24 h. The samples were washed with an ethanol series (70, 50 and 30%) and distilled water, and then incubated in 10 M NaOH for 5-8 min at 56 C. After washing with distilled water three times, the spikelets were stained with 0.1% water blue overnight. A fluorescence microscope was used to observe the germination (Zhou et al. 2011) . Five biological replicates were analyzed. Each independent plant was used as one biological replicate, and more than five pollen gains from each independent plant were tested.
Statistical analysis
SPSS statistical software was used for statistical analysis. Data are shown as means ± SD (n = 3). Significant differences were determined by analysis of variance (ANOVA; *P < 0.05, **P < 0.01 and ***P < 0.001).
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